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Quasielastic neutron scattering is performed on a single crystal of the two-dimensional antiferro-
magnet Rb2Cug.12C00.88F4, whose magnetic structure is frustrated by the admixture of ferromag-
netic bonds. From the critical scattering, the in-plane inverse correlation length is found to decrease
linearly with the temperature, with a critical exponent » = 1.02 + 0.04. At the onset of the sub-
lattice magnetization, which occurs at Ty = 88.1 £+ 0.1 K, however, the in-plane correlations have
not yet become long ranged. At T, the planar domain size has grown to only 14 lattice spacings.
Below T'n, the planar domains size increases further, to attain length scales beyond resolution at
about 75 K. Conversely, the domains break up into smaller ones in this temperature range upon
warming up. For the critical exponent of the susceptibility we find v = 1.5 &+ 0.2 after correction
for the finite correlation remaining at Tn. The sublattice magnetization obeys the critical expo-
nent 8 = 0.16 £+ 0.04. The critical exponents found compare with the Ising values v = 1, v = %,
and 8 = %. Another manifestation of the frustration is the failure to reach true equilibrium below
T~. This is reflected in a dependence of the c-axis correlations on the cooling rate, and in a small

increment of the intralayer and in-layer correlation lengths over long times.

I. INTRODUCTION

RbyCu;_Co,F,4 belongs to the family of two-
dimensional (2D) magnetic systems with the so-called
K;NiF, structure. The magnetic ions are arranged in
quadratic layers, and the primary interaction within the
layers is exchange between nearest neighbors. The in-
teractions among adjacent layers are many orders of
magnitude smaller than those within the layers, and
in the antiferromagnets these interactions furthermore
nearly perfectly cancel because of the symmetry. In fact,
the quadratic-layer magnets have been established to be
archetypes of genuinely 2D behavior, with the magnetic
transition occurring at a finite temperature because of
anisotropy.! In the vicinity of the transition furthermore
a crossover to 3D has been observed, which is ascribed
to the fact that the small but finite interlayer interac-
tions (in antiferromagnets predominantly between next-
nearest layers) integrate to macroscopic values because
of the diverging in-layer correlation length.

Many experiments have been performed on the pure
compounds.! Of relevance here are those in the archety-
pal 2D Ising antiferromagnet Rb,CoF,4, whose critical
exponents were found to be in excellent agreement with
those of the exact Onsager analytical solution.? Also
for Heisenberg-like systems Ising critical behavior was
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observed,® which is ascribed to the presence of the small
crystalline anisotropy stabilizing the fluctuations along
the c axis. Furthermore, various randomly diluted* and
randomly mixed® antiferromagnets were investigated,
and their magnetic properties were found to be in con-
formity with Ising critical behavior.

A number of theoretical predictions were made of the
effect of adding magnetic impurities on the critical phe-
nomena. The widely used criterion by Harris® tells that
the critical exponents of a magnetic system with a small
amount of added impurities remain unchanged if the ex-
ponent o of the specific heat of the pure system is neg-
ative, but that the critical behavior is modified upon
approaching the transition if « is positive. Later theo-
retical studies and computer simulations have supported
this finding.” For the present system, RbyCug 12C00 ssF4
(Scu = 3, Sco = 1), which should conform to the S = 3
Ising spin model, « is zero, and so the Harris criterion is
not applicable. For the case of nonmagnetic impurities,
i.e., magnetic dilution, careful computer simulations indi-
cate that the critical behavior is identical to that of the
pure case except for small logarithmic corrections very
near to T..2 No firm conclusions have, however, been
reached®!? for the ordering in the case of mixed ferro-
magnetic and antiferromagnetic interactions, which re-
sult in a complex phase diagram.

8911 ©1994 The American Physical Society



8912

Experiments on the diluted 2D Ising antiferromag-
net RbyCo,Mg;_.F4 furthermore showed the remarkable
feature that the development of the 3D correlations at
the Néel temperature Ty strongly depends on the cool-
ing rate through the transition.!! It is to be noticed that
this effect can only be observed in Ising systems, where
below the transition the energy barrier that must be sur-
mounted to flip a domain is high enough for the associ-
ated relaxation times to exceed the typical cooling times,
which are of the order of seconds.

The present neutron-scattering study is primarily
aimed at the critical behavior of RbyCug 12Co00¢.88F4,
which is a 2D Ising antiferromagnet that is perturbed by
admixture of ferromagnetic interactions. Admixture of
exchange interactions of opposite sign adds a completely
new element to the study of critical behavior of 2D mag-
netic systems, viz., frustration of the interactions within
the square magnetic lattice. For Cu concentrations = up
to a few tens of percent, the system Rb;Cu,Co;_.F4 is
still far away from the transition to a spin glass. This
transition does not occur until z =~ 0.60.'2 In addition,
ordering phenomena already show up at temperatures as
high as =~ 100 K, whereas 2D spin glasses have a vanishing
critical temperature.!® Around Ty = 88.11+0.1 K, there-
fore, the present system is remote from any reentrant
spin-glass phase, such as has been observed in the mixed
3D ferromagnet-antiferromagnet Eu,Sr;_.S,'* and pre-
dicted to exist by theoretical arguments!® and computer
simulations.!® Below, it is found that the critical behavior
of RbyCug.12C00 8sF 4 is Ising for small length scales, yet
that the system fails to achieve genuine long-range order
below the onset of the sublattice magnetization at T .
A rearrangement of the domains to larger ones as well
as temporal effects associated with this rearrangement
are observed in a relatively wide regime of temperatures

below T .

II. EXPERIMENTAL DETAILS

The single crystal of RbyCu;_;Co,F4 used in the ex-
periments, having a Co content z = 0.88, was grown
along the c axis by the Czochralski pulling technique, as
described in Ref. 12. It measures 4 X 5 x 1.5 mm?3, with
the larger faces parallel to the magnetic layers. The vari-
ation in z is estimated to be about 1%, corresponding
to a spread in T of approximately £1 K. The exchange
interaction constants J of the Co-Co and Cu-Cu bonds
are known from the relevant pure compounds to amount
to —90.8 K (Ref. 17) and 22.0 K (Ref. 18). The J of the
Co-Cu bonds depends on the direction of the Cu d-orbital
lobes relative to the bond axis, and is either ferromag-
netic or antiferromagnetic. These J have been estimated
to be ~ —37 K and ~ 20 K.1®

The neutron-scattering experiments were performed on
the TAS1 spectrometer at the cold-source facility of the
DR3 reactor of the Risg National Laboratory, Denmark.
The momentum transfer was chosen in the (a*, c*) plane.
Incident neutron energies of 5 and 20 meV were used.
At 5 meV (kp = 1.565 A‘l), the spectrometer was op-
erated in the two-axis configuration with a horizontal
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collimation of 60’ between monochromator and sample
and 120’ between sample and detector. The effective
horizontal collimation before the monochromator crys-
tal was 1°. Second-order reflections were eliminated by
the use of a liquid-nitrogen-cooled Be filter. At 20 meV
(kr = 3.129 A~1), the second-order reflection of the py-
rolytic graphite monochromator was utilized, giving ade-
quate energy resolution while maintaining the scattering
angle of the monochromator. Here, the first-order 5-meV
neutrons were filtered out by use of an analyzer select-
ing 20-meV neutrons in first order, but made broadband
by eliminating all collimation between analyzer crystal
and detector. The horizontal collimation from monochro-
mator to analyzer was 30’-30’. Additionally, a number
of experiments were performed at 10 meV (kp = 2.197
A~1) on the TAS7 spectrometer in the two-axis config-
uration. Here, higher-order energies are largely filtered
out by the neutron guide tube. The low temperatures
were maintained by use of a cryostat equipped with a
closed-cycle helium refrigerator. From the nuclear Bragg
reflections the magnetic unit cell dimensions were found
to be a = 4.161/2 A and ¢ = 13.72 A at 4.2 K. From the
width of these reflections, the mosaic spread about the
c axis was derived to be less than +0.1°.

III. RESULTS
A. Critical scattering

To measure the critical scattering, we performed, at
fixed temperatures, scans Q = (h,0,0.41) across one of
the 2D-associated magnetic ridges at 20 meV incident
neutron energy (Fig. 1), and scans Q = (k,0,0.60) at 10
meV energy. At the central Q of these scans, the outgo-
ing neutron beam points along the c axis, i.e., along the
diffusive rod, which ensures integration over the energy
in fulfillment of the quasielastic approximation.2°
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FIG. 1. Scan Q = (h,0,0.41) across the critical ridge at
92.6 K. Incident neutron energy is 20 meV. The solid line is a
fit of Eq. (3) convoluted with the instrumental resolution and
augmented with a background.
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The spectral differential cross section for scattering of
unpolarized neutrons is quite generally given by

d%o
dQdw

x |F(Q)I? Y (dap — QaQp)S¥(Qw) , (1)
a,B

where a,8 = z,y,2, Q = (hkl) = q; — q;, with q;
and q; denoting the initial and final neutron wave vec-
tors, and f(Q) is the form factor. The wave-vector-
dependent response function $%%(Q,w) is the space-time
Fourier transform of the spin-pair correlation function
(Sg(0)SB(t)). Above Tn, where Bragg scattering is ab-
sent, the fluctuation-dissipation theorem relates the av-
erage spin correlation function (Sg(0)S?(t)) to the wave-
vector-dependent susceptibility x**(Q). When integrat-
ing over w in the limit fiw < kpT, such as is done by the
instrument at the ridge Q specified above, the differential
cross section due to critical scattering reads

do 2 kBT
_ = ao . 2
(%) =1@F =@ (2
The susceptibility is usually approximated by the Fisher-
Burford approximant?!

2200 — A(T)

X (Q) - (K2 + qz)l_n/z b (3)

where q is the wave vector with reference to the ridge Q,
k is the inverse in-plane correlation length, A(T) is de-
pendent on the temperature only, and n = 0.25 according
to theory.?!

The measured ridge profiles were analyzed, for each
temperature, by least-squares fitting Eq. (2) with Eq. (3)
inserted and folded with the instrumental resolution
function. The latter was identified with the profile mea-
sured at low temperatures (~ 20 K), where the ridge is
resolution limited as it exclusively results from the mag-
netic Bragg scattering associated with imperfect stack-
ing among the layers (cf. Figs. 2 and 3). This profile is
confirmed by the profiles resulting from reworking the in-
strumental profiles measured at the nearby nuclear Bragg
reflections (200) and (020) to the relevant Q and integrat-
ing them over the c* direction. Notice that f(Q) varies
only weakly over the scans. The quantity 7 was set to
its theoretical value because the data do not permit an
accurate determination. We note, however, that the fits
improved slightly upon taking somewhat higher values
for  (up to 0.5). The fits yielded values for x? ranging
from 0.9 to 1.3. A typical fit is shown in Fig. 1. The
results for the inverse correlation length « are presented
versus the temperature in Fig. 2 for 20 meV incident
neutron energy.

As is observed from Fig. 2, the development of the
inverse in-layer correlation length x with the tempera-
ture shows a number of remarkable features: (i) Above
Tn = 88.1 K, here defined by the onset of the sublat-
tice magnetization (see below), k varies essentially lin-
early with temperature, as is appropriate for a 2D Ising
system. (ii) x does not vanish at Ty, but stays finite.
At Ty, it has reached a value of 0.011 reciprocal lat-
tice units (rlu), which corresponds to ordered domains of
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FIG. 2. Temperature dependence of the inverse in-plane
correlation length & (solid circles), extracted from scans
Q = (h,0,0.41) across the ridge (cf. Fig. 1) by use of Eq. (3),
and the inverse intralayer correlation length . (open circles),
derived from scans Q = (10l) along the ridge by use of Eq. (8).
Incident neutron energy is 20 meV. The solid line is a fit of

Eq. (4).

only 14 lattice spacings in linear size. (iii) Upon lowering
the temperature below the transition, x keeps decreasing
and ultimately vanishes within errors around 75 K. Its
slope at the same time tends to zero. We emphasize that
apart from small time-dependent effects (cf. Sec. IIIC),
the relationship of x on the temperature in Fig. 2 is not
history dependent. That is to say, on coming from low
temperatures the long-range-ordered domains break up
into smaller ones above about 75 K.

Because the system orders in finite domains rather
than that it attains true long-range order, we analyze
x above Ty in terms of the standard power law aug-
mented with a temperature-independent contribution x4
allowing for the finite domain size. That is,

n=no(T_TN) + K1, (4)

Tn

where ko and k; are constants. Equation (4) is admit-
tedly heuristic, but finds some justification in the ar-
gument that the frustration especially affects the long-
ranged excitations, which are heavily suppressed. A
lower bound of «, therefore, is imposed on the system
at all temperatures above Tn. A similar partition of &
has been used in connection with percolation?? and ran-
dom fields.?? In fitting Eq. (4) to , we furthermore real-
ize that the system exhibits a finite spread in T, which
in anticipation of the analysis of the sublattice magne-
tization below is represented by the Gaussian distribu-
tion Aexp[(Tn — (Tn))?/202], with (Ty) = 88.1 K and
o = 0.65 K. The fits to the experimental x above 90 K
then yield v = 1.00 £ 0.04, ko = 0.36 & 0.03 rlu, and
k1 = 0.011+0.001 rlu for the 20-meV data. The 10-meV
data similarly yield v = 1.06 £ 0.05, ko = 0.32 + 0.04
rlu, and x; = 0.011 £ 0.002 rlu. The weighted aver-
ages are v = 1.02 & 0.04, ko = 0.34 + 0.03 rlu, and
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k1 = 0.011 £+ 0.002 rlu. It is noted that these results
are highly insensitive to o since v is so close to unity. In
fact, if we ignore the spread in Ty (0 = 0), we find values
for v, ko, and k; differing by only a minor fraction of the
errors quoted.

The intensity of the ridge was measured in separate
runs as a function of the temperature. These data were
taken at Q = (1,0,0.41) for 20 meV, at Q = (1,0,0.60)
for 10 meV, and at Q = (1,0,0.70) for 5 meV incident
neutron energy. The experimental data for 10 and 20
meV are given in Fig. 3. The ridge intensity is seen to
increase upon approaching T from above, but remark-
ably does not drop after passing through the transition.
Instead, the amplitude levels off for a few kelvin (see in-
set to Fig. 3), and subsequently rises further. As pointed
out above, the ridge at the same time narrows down be-
cause of the further growth of the domains in the layers,
to become essentially resolution limited below 75 K. The
obvious explanation is that the critical scattering, which
dies out below T, is gradually replaced by a magnetic
Bragg ridge developing from Ty downwards. It is pointed
out in connection with Fig. 2 that the critical part of the
scattering does not diverge.

The quantity x*%(0) has been derived as a function
of the temperature from the ridge profiles at 10 and 20
meV, which were already analyzed in connection with the
determination of k. Here, the data in Fig. 3 above Ty,
which were collected in single runs, were used to check
the peak intensities of the ridge profiles at the various
temperatures with one another. The results are given
in Fig. 4. Because of the predominantly Ising nature
of the interactions, the transverse susceptibility presum-
ably does not contribute significantly to the divergence.
Its contribution will henceforth be ignored, upon noting
that residual effects of the transverse susceptibility would
slightly enhance the derived . It seems attractive, of
course, to deduce the critical exponent v pertaining to
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FIG. 3. Peak intensity of the ridge vs the temperature.
Solid circles refer to Q = (1,0,0.60) at 10 meV and open circles
to Q = (1,0,0.41) at 20 meV incident neutron energy. The
inset shows the critical regime to better advantage. Below
Tn = 88.1 K, the intensity arising from a magnetic Bragg
ridge takes over from the critical scattering, indicative of the
absence of long-range order along the c axis.

SCHINS, NIELSEN, ARTS, AND DE WIJN 49

: ® 10 meV i
o X"(O)L O 20 meV
— 3
z10E 0 E
2 : ]
3 F ]
s L ]
& [ o O.O. 1
B I o ® 1
Tl o s
o e, E
i &%%oo ]
L o] 1 '
107 107!
(T-Ty)/Ty

FIG. 4. Double-logarithmic plot of the susceptibility x**(0)
vs the reduced temperature. Solid circles refer to 10 meV,
open circles to 20 meV incident neutron energy. The lower
traces represent x**(0), i.e., the ridge peak intensity after de-
convolution for the instrumental resolution. The upper traces
represent x**(0)|co, Eq. (6), in which account is given of the
finite correlation length at the transition.

the divergence of x**(0), i.e., x**(Q) at ¢ = 0, by fitting
the power law
T-Tn\ "
x**(0) o (%) (5)
N

to the results for x**(0) in Fig. 4. In doing so, however,
we readily discover that the fit is of poor quality and that
the derived v = 0.9 + 0.2 (Ref. 24) bears no resemblance
to the 2D Ising value v = %. The fits also do not markedly
improve upon accounting for the spread in Ty .

It is reasonable to suppose that the slow divergence
of x*#(0) is related to the paucity of small-wave-vector
fluctuations in the frustrated system. To provide some
confirmation for this, we have reworked at each temper-
ature the measured x*?(0) to the value x*?(0)|oo Which
x>?(0) would have had if k; were zero. According to
Eq. (3) with ¢ = 0 and Eq. (4), we have

2—
Ko€” + K K
Ko€Y ’

Ol = 0) ( (©
in which € = (T' — Tv)/Tn is the reduced temperature.
The results for x**(0)| are displayed in Fig. 4, where
in Eq. (6) use is made of n = 0.25 and the average v,
Ko, and k; deduced above. The enhancement of x**(0) is
self-evidently minimal at higher temperatures, but rises
towards a factor 4.6 at 90 K. When fitting the power law
to x**(0)|eo rather than to x**(0), we find v = 1.5 £ 0.2
for both the 10-meV and the 20-meV data. Again, ac-
count was given of the finite spread in T. The fits to
Xx??(0)|oo are also entered in Fig. 4 as the straight line.
The result for ¥ compares within errors with the val-
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ues found in 2D Ising systems without frustration. The
agreement is perhaps to some extent fortuitous because
Eq. (6) lacks a firm theoretical basis, but it definitely con-
firms that the tendency of the system to form domains
impedes the development of long-range fluctuations.

B. Bragg scattering

We first discuss the finite correlation among the lay-
ers along the c axis. In order to measure these, we have
performed scans Q = (10!) at various temperatures. Fig-
ure 5 shows two scans, one above Ty at 91.0 K, and one
at low temperature at 13 K obtained after slow cooling
through T. In the former, the scattering intensity is
virtually constant apart from the decrease of the neu-
tron form factor with increasing !, which confirms that
the ordering processes are essentially 2D in nature. The
latter scan shows magnetic Bragg peaks at [l = 0, 1, 2,
etc., which however are substantially broadened because
of the very limited correlation along the c axis. Note that
this is quite different from what one sees in pure square-
lattice systems, which are known to acquire long-range
order in 3D once order in the layers is achieved. From
the width of the peaks along the rod, the inverse corre-
lation length k. along the ¢ axis has been deduced under
the simplifying assumption that these correlations fall off
with distance according to the single-exponential func-
tion exp(—kcc). In this case, the structure factor F(Q,)
with due account of the diminishing c-axis correlations
may for all k. be derived in analytical form by perform-
ing the discrete Fourier transform of exp(—iQ,z — K.|2|)
summed over all layers including the ones at half-integer
lattice displacements along the c¢ axis. The result is

sinh(k.c)
F =
(Q:) cosh(k.c) — cos(Qc)

X [1 + o4 exp(—%l{cc) COS(%Q:C)] ) (7)
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FIG. 5. Ridge intensity for scans Q = (10!) along the ridge
at 91.0 K (open circles) and 13 K (solid circles) at 20 meV
incident neutron energy. At 91.0 K the intensity of the critical
scattering is constant apart from the form factor, indicative
of the 2D nature of the critical scattering. Drawn line is a
guide to the eye.

with 04 = +1 according to the type of domain. The latter
differ only in the sign of the sublattices on the half-integer
layers, and may alternatively be distinguished by whether
the (a, c) planes or the (b, c) planes are ferromagnetically
ordered. Note that a single domain provides Bragg scat-
tering at either even or odd I. Averaged over the two
domain types, we are left with?®

sinh(k.c)

]:(Qz) = COSh(KCC) _ COS(Q;C) . (8)

For k.c < 1, which is fulfilled in the case of the data at
13 K, Eq. (8) returns to the Lorentzian form

2Kc/c
e =g

(9)

Analysis of the Bragg ridge at 13 K yields that k. =
0.06 x 27 /c after moderately slow cooling through Tn;
i.e., the interplanar correlation amounts to about 2.6 in
units of ¢. No appreciable change in k. was found from
the onset of the peaks at Tn (cf. Fig. 2) all the way
down to 13 K, so that the interplanar correlations remain
several orders of magnitude smaller than the correlations
within the planes. Also in the ordered regime, therefore,
the system must be considered to be truly 2D, and even
more so than nonfrustrated 2D systems.

To determine the order parameter, i.e., the sublattice
magnetization, as a function of the temperature, and to
derive a critical exponent (3 from it, we have measured the
intensity of the magnetic Bragg scattering at the recipro-
cal lattice point Q = (101) at incident neutron energies of
5, 10, and 20 meV. The onset of magnetic scattering oc-
curs at about 88 K. The antiferromagnetic axial ordering
is consistent with the absence of magnetic Bragg inten-
sity at Q = (002) and (004) [cf. Eq. (1)]. In the regime of
temperatures just below the transition (75-88 K), where
the order gradually becomes of longer range, the mag-
netic Bragg peak is not yet resolution limited within the
planes. In fact, the in-plane width of the Bragg peak
equals, within errors, the width of the ridge below T (cf.
Fig. 2). This implies that we must correct for the folding
of the Bragg peak with the instrumental resolution func-
tion in the ¢, and ¢, directions. No correction needs to
be made for integration over ¢, since k. is independent
of the temperature (cf. Fig. 2). Integration over g, is
ensured by the minimal vertical collimation of the spec-
trometer (5°). To integrate over g, we adopt a Lorentzian
shape for the unfolded Bragg peak and assume that the
instrumental resolution function is adequately described
by a Gaussian. The quantity we are interested in, the
integrated Bragg intensity Ip;agg, may then be recovered
from the measured peak intensity Icas by the use of

kI Bragg

2

q
1, eas — - 2 z 0
moe = [0 (- 305 oy dae s (0

which is defined such that Igragg = Iimeas in the limit of
small £ (kK < 0Ores). Here, the minor contribution to I;jeas
arising from the critical scattering must self-evidently be
subtracted out. It may be estimated to sufficient accu-
racy from the measured intensity at the ridge positions of
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Q (Fig. 3) by scaling to the relevant Bragg position with
the aid of Fig. 5 to account for the slightly different form
factor. Note that « is temperature dependent (cf. Fig. 2)
and becomes vanishingly small below 75 K, and so no cor-
rection is required below this temperature. Given o5 for
the relevant spectrometer setting, we have inserted the
measured k for each temperature into Eq. (10). The re-
sults for Ipragg are displayed in Fig. 6 as a function of
the temperature.

Below the transition temperature Ipragg(7’) should
scale with the sublattice magnetization squared, and fol-
low the power law

2B
IBragg(T) x (ZNT,'—_T) 3 (11)
N
with 3 the critical exponent of the order parameter. We
make the reasonable assumption that Ty is distributed
according a Gaussian distribution, so that

o /()

x exp(_ w) Ty . (12)

202

IBrazg(T) &

Fits of Eq. (12) to the 5-meV data in Fig. 6 above 78 K
then yield the results 8 = 0.16 £0.04, ¢ = 0.65+0.10 K,
and Ty = 88.1 £ 0.1 K. Quite similar results are found
from the 10-meV and 20-meV data. The errors mainly
reside in the uncertainties of the correction by Eq. (10).
The fit is also entered in Fig. 6. The noteworthy result
is that the 3 found is in conformity with the 2D Ising
value 3 = % although the magnetization originates from
finite domains rather than from an infinite cluster. On
the other hand, it should be appreciated that upon low-
ering the temperature the order parameter takes longer
to reach its saturation value than it does in regular 2D
Ising systems.
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FIG. 6. Integrated intensity of the domain-broadened mag-
netic Bragg peak at Q = (101) vs the temperature for 5 meV
incident neutron energy. The data points are derived from
the measured peak intensities and the x in Fig. 2 by use of
Eq. (10). The minute contribution arising from critical scat-
tering has been subtracted.
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C. Nonequilibrium behavior

The presence of frustrated sites leads to a pinning of
domain walls, and as a result long-wavelength correla-
tions can only be excited at high energy cost. One of the
consequences is a substantial slowing down of the order-
ing kinetics. This is reminiscent of the spin-glass phase
occurring in RbaCu;_,Co,F4 for 0.18 < < 0.40, where
the relaxation times have been found to be distributed
over more than ten decades.'® Below Ty, therefore, time
effects should occur. The spectrum of relaxation times
is expected to be broad and to extend to very long time
scales, even beyond those associated with the experimen-
tal time window (~ 1 s). In other terms, when cooled to
a certain temperature, the system will not reach the equi-
librium state associated with that temperature if the pas-
sage through the transition is fast enough for the slower
processes to be ineffective.

We have investigated these effects first by observing to
what extent the intralayer and in-layer correlations de-
pend on the cooling rate. The experimental method is to
measure the width of a magnetic Bragg peak along the ¢*
and a* directions, respectively.!! As concerns the correla-
tions among the layers, in Fig. 7 two scans over the (101)
Bragg peak are presented, both taken at 80 K, where the
relaxation presumably is exceedingly slow. One scan was
obtained after cooling through the transition at a rate of
3 K/min, and the other scan after cooling through the
transition at a rate of 0.25 K/min. Slower cooling is seen
to lead to a markedly better stacking of the layers, but
the slower cooling rate is not yet slow enough to achieve
long-range order. After deconvolution for the instrumen-
tal resolution as determined from nearby nuclear Bragg
peaks, Eq. (8) was found to fit the two data sets for
ke = 0.054 and 0.039 rlu, corresponding to correlation
lengths of 3.0 and 4.1 in units of ¢, respectively. Note
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FIG. 7. Magnetic Bragg intensity for scans along the c*
axis through the Bragg point Q = (101) at T = 80 K af-
ter slow cooling and after fast cooling through Tn. After
fast cooling a shorter correlation length is observed along the
c axis. The drawn curves are fits to Eq. (8). The data are
taken at 5 meV incident neutron energy.
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that the intensity in the wings does not drop to zero,
which is due to the presence of the magnetic Bragg ridge
along the c* axis at the relevant temperature.

To probe the effects of cooling on the in-layer corre-
lations, we performed similar scans through the same
Bragg peak along the a* axis. The results are given in
Fig. 8, in which the fast-cooling data have been scaled
to the same peak intensity as the slow-cooling data.
Although both peaks in Fig. 8 are near being resolu-
tion limited due to the large spatial extent of the in-
layer correlations (cf. Fig. 2), a significant difference is
found in the wings, evidence that also in the planes
the correlation length has not reached its equilibrium
value. This is in sharp contrast with the case of diluted
antiferromagnets,?? where a breakup of the long-range
order within the planes was only observed to occur very
close to the percolation threshold. The minor broaden-
ing of the Bragg peak after fast cooling as compared to
the one after slow cooling allows one to extract an up-
per estimate of ~ 200 lattice spacings for the correlation
length after fast cooling.

A second experiment concerns proving, although only
qualitatively, that the spectrum of relaxation times is
very broad. Here, reliance is made on the reasonable
assumption that this spectrum shifts by many orders of
magnitude when passing through a narrow temperature
interval around Tn. The experiment is set up as fol-
lows. First the system is cooled slowly (0.2 K/min) to
a certain temperature T, around Ty, after which a fast
quench (3 K/min) is applied down to 80 K. Subsequently,
the (101) Bragg profile is measured along the ridge to de-
termine the correlation length along the c* axis as frozen
in at Tg. The results deduced for the inverse correlation
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FIG. 8. Magnetic Bragg intensity for scans along the a*
axis through the Bragg point Q = (101) at T" = 80 K after
slow and fast cooling through 7'n. The fast-cooling data have
been scaled to the same peak intensity as the slow-cooling
data to facilitate a comparison of the wings. In the wings,
a small but significant difference is observed, indicating that
the correlations within the planes extend further out upon
slow cooling. The data are taken at 5 meV incident neutron
energy.

length k. measured after cooling to 80 K are collected
as a function of T, in Fig. 9. To appreciate this figure,
note that the upper asymptotic level is the final . af-
ter cooling from a “high” temperature to 80 K at a rate
of 3 K/min; similarly, the lower asymptotic level corre-
sponds to the k. reached after cooling all the way down at
0.2 K/min. Faster cooling below T, would lower the final
K, but would not appreciably alter the “width” of the S-
shaped curve in Fig. 9. The data can be parametrized in
terms of an error function corresponding to a full width
at half maximum of 2.5 K. This is significantly wider than
the spread resulting from the inhomogeneity in T, which
has a full width half maximum of 2(21n2)*/2x 0.65 = 1.5
K [cf. Fig. 10 and Eq. (12)]. It takes about 1 K, therefore,
for the spectrum of relaxation times to pass through our
experimental time window, which provides the argument
for the broadness of the relaxation time spectrum.

It is tempting to follow the growth of the correlation
length via the development with time of the profiles of
magnetic Bragg peaks or the magnetic Bragg ridge, which
takes over from the critical ridge scattering below 80 K.
Here, we must distinguish between correlations along the
c axis and those in the planes. Increase in the correla-
tion length along the ¢ axis will result in a decreasing
intensity of the Bragg ridge and an increasing intensity
of the Bragg peaks, whereas increase in the correlation
length in the planes will result in an increase in the in-
tensities of both the Bragg ridge and the Bragg peaks.
It has already been pointed out that the in-plane corre-
lations grow with decreasing temperature down to ~ 75
K (cf. Fig. 2), whereas the c-axis correlations, although
markedly dependent on the cooling rate through Ty, do
not appreciably grow below, say, 79 K.

We first consider the temporal development of the c-
axis correlations. Following a quench in temperature
from 100 K down to 87.8 K, we performed repetitive
scans across the (101) point in the c¢* direction. The
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FIG. 9. Inverse correlation length x. along the c axis, de-
rived from (101) Bragg profiles, after slow cooling to T, fol-
lowed by a quench to 80 K. The drawn line is a fit to an error
function. Incident neutron energy is 5 meV (open circles) or
20 meV (solid circles).
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recorded Bragg profiles were deconvoluted for the instru-
mental resolution upon adopting a scattering function of
the form specified in Eq. (8). The extracted peak inten-
sities and inverse interplanar correlation lengths x. are
plotted in Fig. 10 vs the time elapsed since the quench.
A distinct increase is observed in the peak intensity and
a corresponding decrease of k., the integrated intensity
remaining constant within errors. The effect amounts
to about 40% in a time span of three hours. Both the
peak intensity and k., therefore, signify that the inter-
layer correlations have lengthened by that amount, which
constitutes very direct evidence for domain growth along
the c axis in the present frustrated system. It is noted
that the smallest k. entered in Fig. 10, measured at 400
s, is larger than the k. measured at lower temperatures
after fast cooling (cf. Fig. 9). This is presumably caused
by the appreciable growth of the correlations in the time
needed to complete the first scan.

We now turn to the in-plane correlations, the growth
of which is much more difficult to probe because of the
smallness of the effect (cf. Fig. 8). The effects of length-
ening of interlayer and intralayer correlations on the in-
tensity of the Bragg ridge are opposite, and so one may
hope to see an increment of the intralayer correlations via
a change with time of the appropriate sign. In the exper-
iment, the sample was quenched down to 81.3 K, where
the ridge is still not resolution limited, signifying that the
in-plane correlations still depend on the temperature and
eventually also on the time. The peak intensity was mon-
itored at q = (1,0,1.4) up to 2 x 10* s after the quench.
The result is given in Fig. 11. A small but significant in-
crease is observed in the peak intensity of the Bragg ridge.
This is indeed consistent with an increasing in-plane cor-
relation length. Figure 11, therefore, confirms the effect
of domain growth within the planes. The errors do not
permit one to say anything definitive about the func-
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FIG. 10. Peak intensity of the (101) Bragg peak and the
inverse correlation length x. derived from its width vs the
time elapsed since a temperature quench to 87.8 K. The re-
sults indicate an improvement of the layer stacking with time.
Incident neutron energy is 20 meV.
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FIG. 11. Peak intensity of the ridge at Q = (1,0,0.41) vs
the time elapsed since a quench to 81.3 K. At this tempera-
ture the intensity originates almost exclusively from magnetic
Bragg scattering. The growth of the ridge intensity reflects
the growth of the domains within the planes. Incident neu-
tron energy is 20 meV.

tional dependence of the lengthening. It is noted, how-
ever, that the data in Fig. 11 are consistent with a slow
logarithmic growth of the correlation length, such as has
been derived in Ref. 26 and recently observed observed
in the ferromagnetic counterpart RbaCug 89Cog.11F4 via
the susceptibility.2”

IV. CONCLUSIONS

Critical scattering has been performed in the frustrated
2D Ising antiferromagnet RbyCug 12Co0g.8sF4. The frus-
tration arises from the admixture of ferromagnetic bonds
in the percolating antiferromagnetic backbone. The re-
ciprocal in-plane correlation length x was found to de-
crease linearly with the temperature, with an exponent
v = 1.02 £+ 0.04 in accordance with the exact 2D Ising
value (v = 1). As opposed to nonfrustrated systems,
however, x does not vanish at Ty = 88.1 + 0.1 K, the
temperature of the onset of the sublattice magnetization,
reflecting the fact that the system orders into domains
instead of achieving long-range order. Correcting for fi-
nite correlation remaining at Ty, we find v = 1.5 £ 0.2
for the critical exponent of the susceptibility. Upon fur-
ther cooling below T, the domains continue to grow in
a temperature regime extending over at least 10 K to
length scales beyond the instrumental resolution. Upon
subsequent heating the domains break up again. This do-
main growth and breakup is not entirely in equilibrium,
apparently because of the presence of long time scales
in the system. The sublattice magnetization within the
domains follows a power law below T, with an expo-
nent B = 0.16 £ 0.04 in conformity with the 2D Ising
value of %. The presence of nonequilibrium processes
and the wide distribution of relaxation times associated
with them have been established more directly from the
observation that the in-plane and intraplanar correlation
lengths depend on the history of cooling through T,



49 NEUTRON-SCATTERING STUDY OF THE TWO-DIMENSIONAL . .. 8919

and further increase weakly with the time over periods
of several hours.
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